Based on results from previous studies (J. Comp. Neurol. 394 (1998) 386, 395), it was hypothesized that the persistent neurogenesis in the retina of teleost fish is modulated by insulin-like growth factor-I (IGF-I), which, in turn, is regulated by growth hormone (GH). Two approaches were undertaken to test this hypothesis. First, a variety of techniques were used to determine if IGF-I and the IGF-I receptor (IGF-IR) are expressed in the retina. Second, GH was injected into animals to stimulate IGF-I synthesis in target tissues, and IGF-I expression and cell proliferation in the retina was quantitatively assayed. Reverse transcriptase-polymerase chain reaction, screening a retinal cDNA library and Northern analysis showed that genes encoding IGF-I and IGF-IR are expressed in the retina of goldfish. In situ hybridization showed that IGF-IR is expressed by retinal progenitors and all differentiated retinal neurons. Intraperitoneal injections of GH elevate IGF-I mRNA levels in the liver, brain and retina and produce a dose-dependent change in the proliferation of stem cells and progenitors in the retina. These data indicate that the principal components of the IGF-I signaling cascade are present in the retinas of teleosts, and we suggest these elements mediate the persistent, growth-associated neurogenesis in this tissue. q 2002 Published by Elsevier Science Ireland Ltd.
Introduction
Persistent neurogenesis in the mature central nervous system (CNS) of mammals is relatively rare, but has recently been unequivocally demonstrated (Cameron and McKay, 1998; Kempermann and Gage, 2000) . In contrast, persistent neurogenesis in the CNS of fish is robust and has been known for decades (Müller, 1952) . Across all orders of vertebrates the generation of neurons in the adult brain may be related through a common evolutionary origin and a common, stem cell-based lineage (Temple and AlvarezBuylla, 1999) . In fish, persistent neurogenesis is best described for the retina (see reviews by Fernald, 1989; Easter and Hitchcock, 2000) . Neurons added to this tissue originate from two, spatially separate populations of neuronal progenitors. The first is a densely packed annulus of neuroepithelial cells at the junction of the retina and iris, known as the circumferential germinal zone (CGZ; Johns, 1977; Meyer, 1978; Sharma and Ungar, 1980) . All retinal neurons, with the exception of rod photoreceptors, are generated from the CGZ and added appositionally to the extant retina. The second population of neuronal progenitors is scattered across the differentiated retina and generates exclusively rod photoreceptors, which are insinuated into the existing array of photoreceptors (Johns, 1977; Johns and Fernald, 1981; Johns, 1982; Raymond and Rivlin, 1987; Julian et al., 1998; Otteson et al., 2001) . New rods are generated from a three-cell lineage thought to originate with a slowly dividing stem cell, whose progeny [inner nuclear layer (INL) progenitors] divide, migrate and give rise to the immediate antecedents of rod photoreceptors (rod precursors) ). The cells of this lineage can be identified by their laminar position, apparent abundance, frequency of mitosis, and nuclear morphology: stem cells are found in the INL, are rare, divide infrequently and have a spherical nuclear morphology; INL progenitors migrate from the inner to outer nuclear layers (ONL), are intermediate in their abundance, divide infrequently and have a fusiform nuclear morphology (Julian et al., 1998; Otteson et al., 2001) ; rod precursors, first identified more than 20 years ago (Johns and Fernald, 1981) , are present in the ONL, have a variety of nuclear morphologies, are abundant and divide relatively frequently.
Little is known about the molecular mechanisms that regulate neurogenesis in the nervous system of adult vertebrates, although some candidate molecules have been identified (Hernandez-Sanchez et al., 1995; Frade et al., 1996; Å berg et al., 2000a; Conover et al., 2001; Hansel et al., 2001; Erlandsson et al., 2001; Arsenijevic et al., 2001) . Prominent among these is the 70 amino acids, secreted peptide, insulin-like growth factor-I (IGF-I). IGF-I is an evolutionarily ancient and highly conserved polypeptide that is structurally related to proinsulin (Thorndyke et al., 1989; Reinecke et al., 1992; Schmid, 1995) , and at physiological concentrations acts through the IGF-I receptor (IGF-IR) (Waldbillig et al., 1988; Van Obberghen, 1994) . In vivo, IGF-I is mitogenic and/or neurogenic in the brains of adult rodents (Dentremont et al., 1999; Å berg et al., 2000a; Trejo et al., 2001; O'Kusky et al., 2000) and the retinas of posthatch birds (Fischer and Reh, 2000) , and in vitro, IGF-I stimulates proliferation of retinal progenitors in adult fish (Mack and Fernald, 1993; Boucher and Hitchcock, 1998a) . In slice cultures of fish retinas IGF-I stimulates proliferation of rod precursors (Mack and Fernald, 1993) , and in organotypic cultures of intact eyecups, IGF-I stimulates proliferation of retinal progenitors within the CGZ (Boucher and Hitchcock, 1998a) . Based on their results, Boucher and Hitchcock (1998a,b) proposed that IGF-I, acting at its cognate receptor and as a component of the growth hormone (GH)/IGF-I axis, regulates the persistent, growth-associated neurogenesis in the retinas of teleost fish. The study described here was performed as a test of this hypothesis. First, it was established that IGF-I and the IGF-IR are expressed in the retina. Second, it was determined that exogenous recombinant GH given to fish stimulates IGF-I synthesis in the retina and produces a corresponding increase in the proliferation of stem cells and progenitors.
Preliminary reports of these data were published previously in abstract form (Otteson et al., 1998 (Otteson et al., , 1999 Ziewacz et al., 2000) .
Results

IGF-I is expressed in the retina
Reverse transcriptase-polymerase chain reaction (RT-PCR) of retinal RNA with moderately degenerate primers for IGF-I produced a single band of the predicted size. The nucleotide sequence of this cDNA (gfIGF-I) was found to be identical to the composite of sequences reported for pro-IGF-I isolated from liver (Kermouni et al., 1998 ) (data not shown).
Northern blots also confirmed that IGF-I is expressed in the goldfish retina (Fig. 1) . In total RNA from retina, probes for IGF-I hybridize to a major transcript migrating with an apparent size of 4.3 kb and a minor transcript at 1.8 kb.
These transcripts were also present in brain, gill, muscle and kidney. Little, if any hybridization was observed to RNA from heart. As expected, IGF-I transcripts were most abundant in liver, where three bands were detected with apparent sizes of 4.3, 2.8 and 1.8 kb (see Le Bail et al., 1998) .
IGF-IR is expressed in the retina
Sequence analysis
Four partial cDNA clones with homology to vertebrate IGF-I receptor sequences were isolated and characterized: a 2380-bp partial cDNA clone recovered from a cDNA library (clone 2400; accession number AF216772) and three 1800 bp partial cDNAs (clones 1800a-c) amplified by RT-PCR using degenerate oligonucleotides that amplify members of the family of insulin receptors Hitchcock et al., 2001 ) (accession numbers: 1800a -AF216799; 1800c -AF216773). (Because cDNAs encoding goldfish IGF-IR have not been described previously, sequence analysis of the isolated cDNAs is presented here.) Clones 2400, 1800b, and c were fully sequenced on both strands, with multiple overlapping sequencing runs. Clone 1800a was partially sequenced and found to be wholly contained within clone 1800b and was not analyzed further. The sequences from clones 2400/1800b were combined to create a contig that contained a single open reading frame of 2403 bases that encompassed 45% of the complete coding sequence, including a portion of the asubunit, the proteolytic cleavage site and the entire b-subu- nit. An additional 446 bases within the presumptive 3 0 UTR were present in clone 2400. There was no polyadenylation site present in the 3 0 UTR, suggesting that this contig does not include the complete 3 0 end of the transcript. In comparing regions of overlap, the nucleotide sequence of clone 1800c was only 70.4% identical to the 2400/1800b contig. This difference results from base changes throughout the sequence and several small deletions and insertions, including an 18 base pair, in-frame deletion in 1800c. This level of divergence is unlikely due to interallelic variations, sequencing error or differential splicing of a single gene. Therefore, these data are interpreted to indicate that clones 2400/1800b and 1800c derive from two distinct genes, which are designated IGF-IR-1 and IGF-IR-2, respectively (see also Hitchcock et al., 2001; Maures et al., 2002) . The deduced amino acid sequences of gfIGF-IR-1 and gfIGF-IR-2 revealed the presence of elements characteristic of all receptor tyrosine-kinases ( Fig. 2 ) (see Hanks et al., 1988; Van Obberghen, 1994; Werner et al., 1994; Folli et al., 1996; Holzenberger et al., 1996) . Comparisons of equivalent regions of the deduced amino acid sequences showed that gfIGF-IR-1 and gfIGF-IR-2 are only 71.0% identical (Table 1) , which is similar to that observed between IGF-IR sequences from Xenopus, turbot, mouse or human. In contrast, there is an extremely high level of conservation between mammalian orthologs, (97.4% amino acid identity, murine vs. human IGF-IR). Although there was a similar range of sequence identity among insulin receptor (IR) genes across classes and orders of vertebrates, there was distinctly less sequence identity between goldfish IGF-IR and the goldfish IR sequences. These observations confirm that the cDNAs encode the goldfish orthologs of IGF-IR and strongly suggest the presence of two IGF-IR genes in the goldfish genome, both of which are expressed in the retina (see subsequently).
Retinal expression
The same Northern blots probed for IGF-I (see above) were probed for gfIGF-IR transcripts (Fig. 1) . For retina, probes for gfIGF-IR-1 recognized a single transcript migrating with an estimated size of 13 kb. Probes generated from clones 2400 and 1800b gave identical results (data not shown). This transcript was very abundant in retina and brain and present, but at lower levels, in gill, kidney and heart. No hybridization to gfIGF-IR-1 transcripts was detected in muscle or liver. The overall tissue distribution of transcripts detected by probes for gfIGF-IR-1 and gfIGF-IR-2 was similar, however, gfIGFIR-2 probes hybridized to multiple transcripts that showed tissue specific distribution. For retina, gfIGF-IR-2 probes typically formed an intense, but diffuse band of hybridization that migrated between 12 and 14 kb. An abundant 14 kb transcript was detected for brain and, although less abundant, for gill. In kidney and heart, the overall hybridization was less intense, however, in these tissues gfIGF-IR-2 probes hybridized to two transcripts migrating with apparent sizes of 12 and 16 kb. No hybridization to gfIGF-IR-2 transcripts was detected in muscle or liver.
Digoxygenin-labeled, antisense riboprobes for gfIGF-IR (clones 2400 and 1800b) hybridized to mRNA in cells within the CGZ, the unpigmented cells of the iris epithelium ( Fig. 3(A) ) and all cells within the central, mature retina ( Fig. 3(B) ). Staining was generally less intense in the central retina, although clearly detectable in cells within each nuclear layer. A similar pattern of staining was obtained using probes for gfIGF-IR-2 (clone 1800c; data not shown). Sections hybridized with sense probe showed no staining ( Fig. 3(C) ). The pan-neuronal expression of IGF-IR in the retina is consistent with the Northern analysis; of the tissues examined the retina contained the highest levels of IGF-IR mRNA.
Exogenous GH stimulates IGF-I expression and proliferation in retina
Northern analysis of liver mRNA from fish harvested 6 h after administration of recombinant bovine GH (rbGH) showed at least 300% increase for each of the three IGF-I transcripts expressed in this tissue (Fig. 4) . Although the response was smaller in magnitude, rbGH injections also elevated IGF-I mRNA expression in the retina and brain. In these tissues, the 1.8 kb transcript showed a greater percent increase than the 4.3 kb transcript. These analyses were repeated at separate times on three independent groups of animals and similar results were observed each time. On average, the IGF-I mRNA levels in retina increased 1.43-and 2.1-fold for the 1.8 and 4.3 kb transcripts, respectively.
Qualitative inspection of retinal sections immunostained with antibodies against 5-bromo-2 0 -deoxyuridine (BrdU) (Figs. 5 and 6) showed that, in general, there were more BrdU-labeled cells in retinas from animals that received recombinant trout GH (rtGH), irrespective of the dose, than in animals injected with vehicle. Cell counts confirmed these observations and revealed a bell-shaped doseresponse. The largest increase in the number of BrdUlabeled cells was in animals that received 1.0 mg/g body wt ðP , 0:05Þ (Fig. 7) . Doses at 0.1 mg/g body wt appeared suboptimal, whereas 10 mg/g body wt appeared supraoptimal. At the low and high doses, statistically significant differences in the number of BrdU-labeled cells varied by cell type. Rod precursors showed a statistically significant increase at 0.1 mg/g body wt ðP , 0:05Þ, but not at 10 mg/g body wt rtGH, and spherical cells showed a statistically significant increase in response to 10.0 mg/g body wt rtGH ðP , 0:05Þ, but not to 0.1 mg/g body wt. The increase in the area of the CGZ showed a bell-shaped dose-response similar to that of the different populations of progenitors within the differentiated retina. For the CGZ, however, these increases were statistically significantly different from controls at all doses of rtGH used. BrdU incorporation is not a formal demonstration that a cell has undergone a mitotic division, but only that it has synthesized DNA during the period of BrdU exposure. In order to determine if the increase in the number of BrdUlabeled cells in response to exogenous GH represents an increase in cell division, and not simply an increase in the number of cells synthesizing DNA, two experiments were undertaken. First, retinal sections from one animal that received 1.0 mg/g body wt. GH and one animal injected with vehicle were immunostained with antibodies against phosphorylated histone-H3, a marker specific for cells in Mphase (Wei et al., 1998; Fig. 8) . (A subset of sections from each retina were first stained with BrdU antibodies, and this confirmed that, comparable to that illustrated in Fig. 6 , the retina from the GH-injected animal had many more BrdUlabeled cells than did the retina from the control animal.) Counts of immunostained cells showed that there were approximately three times more cells in M-phase in the retina from the animal that received rtGH than in the retina from the control animal (CGZ, 0.7 cells/section vs. 0.3; INL, 0.75 cells/section vs. 0; ONL, 3.2 cells/section vs. 1.3). Second, animals were exposed to BrdU to pre-label cells in S-phase and subsequently given rtGH. Sections were stained with BrdU antibodies (Fig. 9 ) and cells were counted and compared to controls. If exogenous rtGH simply increased the number of cells synthesizing DNA, without stimulating cell division, there would be no difference in the number of BrdU-labeled cells between experimental and control animals. In contrast, cell counts showed that animals that received rtGH had significantly more BrdU-labeled retinal progenitors in the CGZ (5.2-fold increase in area) and rod precursors in the ONL (1.8-fold increase in number) than did control animals. This increase in the number of labeled cells demonstrates that exogenous GH stimulated progression through M-phase. There were no significant differences in the number of spherical or fusiform cells in the INL, reflecting the fact that these cells divide infrequently and few were labeled during the initial exposure to BrdU (see Otteson et al., 2001) . From the results of these experiments, it is concluded that exogenous GH stimulates both DNA synthesis and cell division. . These images were taken from an animal injected with 1 mg/g body wt of rtGH. onl, outer nuclear layer; inl, inner nuclear layer; gcl, ganglion cell layer. Scale bar equals 25 mm. 
Discussion
The teleost retina is a valuable model for studying neurogenesis in adult vertebrates, because the pattern of proliferation is well described and the number of neurons generated over time is substantial. Two independent studies using in vitro techniques identified IGF-I as a mitogen in the retinas of adult teleosts (Mack and Fernald, 1993; Boucher and Hitchcock, 1998a) , and based on these results, Boucher and Hitchcock (1998b) hypothesized that IGF-I regulates growth-associated neurogenesis in vivo. The study described here was a test of this hypothesis. From our previous data, it was predicted that IGF-I and the IGF-IR were expressed in the retina, and that exogenous GH should elevate IGF-I in target tissues and stimulate retinal progenitors to proliferate. There predictions were confirmed. First, RT-PCR and Northern analysis demonstrated that genes encoding both IGF-I and the IGF-IR are expressed in the retina. In particular, the IGF-IR is expressed by retinal progenitors of the CGZ, cells that are stimulated by IGF-I in vitro to divide. Second, when fish were injected with recombinant GH, IGF-I mRNA synthesis was elevated in the retina and proliferation of neuronal progenitors in both the CGZ and differentiated retina was stimulated. Together, these results suggest that locally synthesized IGF-I plays a role in regulating the persistent, growth-associated neurogenesis in the retina of teleost fish in vivo.
Genes for IGF-I and IGF-IR are expressed in the retina
RT-PCR and Northern analysis showed that IGF-I is expressed in the goldfish's retina. The two IGF-I transcripts expressed in the retina are consistent with the known pattern of IGF-I expression in the teleost brain, which results from tissue-specific differential splicing (Duguay et al., 1994) . Despite numerous attempts using different techniques, we were unable to unambiguously determine the cellular expression of IGF-I in the retina of the goldfish. In situ hybridizations using either the L41 or our full-length cDNAs as templates (see Section 4) were inconsistent, and antibodies raised against teleost IGF-I from other teleost These cells were generally found lying apposed to the boundary between the CGZ and pigmented epithelium. (B) A cell in M-phase within the outer nuclear layer (arrowhead). These antibodies label Müller-cell processes, which appear as thin radial processes in the red channel. For purposes of illustration, these sections were counterstained with the nuclear dye, YoPro 1 (Molecular probes). Fig. 9 . Images of retinal sections immunostained with antibodies against BrdU. Representative sections taken from animals that were first exposed to BrdU for 48 h then injected with either (A) PBS or (B) recombinant trout growth hormone at 1.0 mg/g body wt. Note the greater number of BrdUlabeled cells in (B). onl, outer nuclear layer, inl; inner nuclear layer; gcl, ganglion cell layer; CGZ, circumferential germinal zone. Scale bar equals 50 mm. species stain multiple proteins from goldfish retina in Western blots, suggesting they recognize proteins in addition to IGF-I. The cellular pattern of IGF-I expression has been determined for several other species of teleosts, and although the pattern varies between species, we infer that in the goldfish IGF-I is at least expressed by mature neurons. Whether or not IGF-I is expressed by mitotically active cells is yet to be determined. In trout (Hitchcock, unpublished observations) and seabream larvae [Sparus aurata (Funkenstein et al., 1997)] IGF-I mRNA is detected in ganglion cells and cells in the INL. In tilapia (Oreochromis mossambicus) the IGF-I peptide is in cone photoreceptors, bipolar cells and ganglion cell axons (Reinecke et al., 1997) . In cichlids, IGF-I mRNA and peptide are present, but in cone photoreceptors only (Mack et al., 1995) .
The cognate receptor for IGF-I is also expressed in the goldfish retina. cDNAs for two genes, gfIGF-IR-1 and gfIGF-IR-2, were isolated, and both were found to be expressed at relatively high levels. (It is hypothesized that goldfish also have two genes encoding IGF-I [see Kavsan et al., 1994] , but the cDNAs isolated in this study appear to represent multiple isolates of a single IGF-I transcript.) Interestingly, the two IGF-IR genes in goldfish are nearly as divergent from each other as they are from other vertebrate IGF-IR genes. Although the gfIGF-IR genes give rise to different transcripts, their cellular patterns of expression determined by in situ hybridization, were invariant: transcripts from both genes were detected in differentiated neurons, cells in the unpigmented iris epithelium and retinal progenitors in the CGZ. The presence of IGF-IR protein in the goldfish retina was confirmed by Western blot (data not shown) therefore, we infer that the presence of IGF-IR mRNA in a cell reflects the presence of the receptor protein.
The expression of the IGF-IR mRNA by cells of the CGZ supports the proposal that the IGF-I-stimulated proliferation of these cells observed in vitro (Boucher and Hitchcock, 1998a ) is mediated by the IGF-IR. We were unable to localize IGF-IR message specifically to the mitotically active cells of the rod-photoreceptor lineage, because these cells are relatively rare and embedded among the differentiated neurons. However, given that elevating retinal IGF-I stimulates these cells to proliferate (see subsequently), we infer that they also express IGF-IR.
The sequence and Northern analysis of IGF-IR suggest that goldfish have two, non-allelic genes encoding this receptor. Multiple genes encoding the same protein are common in fish (e.g. IGF-IR, Chan et al., 1997; Maures et al., 2002; IGF-I, McRory and Sherwood, 1994; insulin, Kavsan et al., 1994; cytochrome p450 aromatase, Callard and Tchoudakova, 1997; pax6, Nornes et al., 1998; vimentin, Glasgow et al., 1997) and are thought to reflect an ancient genome duplication event (Larhammar and Risinger, 1994) . In the goldfish retina both IGF-IR genes have similar cellular patterns of expression, although other pairs of duplicated genes show differential patterns of expression.
Expression of IGF-IR by differentiated retinal neurons indicates that IGF-I must have functions in addition to regulating proliferation, and we speculate that these, in part, are related to the continual neuronal growth and synaptogenesis characteristic of the teleost retina. The bulk of retinal growth in fish is due not to neurogenesis, but rather to a balloon-like expansion of the extant retina (Johns and Easter, 1977; Kock, 1982a) . As the retina expands, all non-rod neurons increase in size (Kock, 1982b; Hitchcock and Easter, 1986) , the dendritic arbors of some become more complex (Kock and Stell, 1985; Brown and Hitchcock, 1989 ) and many, possibly all neurons form new synapses (Fisher and Easter, 1979; Kock and Stell, 1985; Hitchcock, 1993) . IGF-I is known to regulate process outgrowth and synaptogenesis among differentiated neurons (reviewed by Folli et al., 1996; D'Ercole et al., 1996; Stewart and Rotwein, 1996; Anlar et al., 1999; O'Kusky et al., 2000) . IGF-I and its receptor may also regulate this aspect of cellular growth in the teleost retina. Although the expression level of IGF-I is markedly lower than that of its receptor (Otteson, unpublished observations) , IGF-I is expressed at high levels in the retina relative to other tissues, with the exception of the liver. The biological significance of the relatively high expression of IGF-I in the retina remains unclear, but it may reflect additional roles for IGF-I that are independent of growth.
Exogenous recombinant GH stimulates proliferation of putative stem cells and retinal progenitors
Teleosts possess a GH/IGF-I axis that is equivalent to that present in mammals (Duan, 1998; Moriyama et al., 2000) , and injecting fish with GH is a well-established method for stimulating IGF-I synthesis in both hepatic and extra-hepatic tissues (Cao et al., 1989; Funkenstein et al., 1989) . We used this paradigm as a second test of our hypothesis (Boucher and Hitchcock, 1998a,b) that IGF-I regulates neurogenesis in the teleost retina in vivo. It was predicted that exogenous GH would stimulate IGF-I synthesis and this, in turn, would stimulate proliferation of retinal progenitors. Both predictions were confirmed. Injecting GH elevates IGF-I mRNA in the retina, brain and liver and stimulates neuronal progenitors in the retina to divide. This is interpreted to show that growth-associated mitotic/ neurogenic activity in the teleost retina is regulated by IGF-I. Injecting different doses of GH produced a bell-shaped dose-dependent relationship between the amount of GH injected and the number of BrdU-labeled cells in the retina. This contributed to the apparent variability in the cell counts, but is consistent with previously published results (Ye et al., 1997; Thomas, 1998; de la Fuente et al., 1999) . Irrespective of the assay, increasing the dose of GH generates a progressively greater response, but supraoptimal doses of GH are inhibitory, presumably by interfering with the signal transduction capacity of the GH receptors (Ilondo et al., 1994; Thomas, 1998) .
The liver is the principal target of GH, and the original (simple) assumption when undertaking these experiments was that GH-induced proliferation would be mediated by the endocrine GH/IGF-I axis, exogenous GH would stimulate the release of hepatic IGF-I into serum, and serum IGF-I delivered to the retina would stimulate proliferation. The Northern analysis showed that, as expected, exogenous GH elevates IGF-I mRNA levels in the liver, but, in addition, also elevates IGF-I mRNA levels in the retina. The CNS is a known target tissue for GH action (Nyberg and Burman, 1996) , and in mammals, exogenous GH also elevates neural IGF-I (López-Fernández et al., 1996; Ye et al., 1997; Å berg et al., 2000b) . Early studies, using indirect measures such as brain weight and DNA content, showed that exogenous GH stimulates proliferation in the brains of larval frogs and embryonic rats (Zamenhof et al., 1966; Hunt and Jacobson, 1971; Sara and Lazarus, 1974) , effects that are likely mediated by elevated brain IGF-I. Based on this, we infer that injecting fish with GH elevates retinal IGF-I, which, in turn, stimulates retinal progenitors to divide, and that the IGF-I synthesized in the retina regulates the retinal neurogenesis during normal growth. We cannot exclude a role for hepatic/serum IGF-I in regulating neurogenesis in the teleost retina, although mice with targeted deletion of hepatic IGF-I expression have normal postnatal growth (Sjogren et al., 1999; Yakar et al., 1999) , demonstrating the independent, GH-regulated action of locally synthesized IGF-I. The increases in IGF-I mRNA in the retina following exogenous GH also suggests that cells in the retina express GH receptors and synthesize IGF-I as part of a local GH-regulated signaling pathway, targeting, in part, stem cells and their progeny. Consistent with this, GH binding sites are present in the brains of teleosts (Pérez Sánchez et al., 1991) , and a cDNA encoding a GH receptor from the goldfish retina has recently been cloned (Hitchcock, unpublished observations) .
In vertebrates GH is the fundamental determinant of somatic growth (see reviews by Thomas, 1998; Butler and LeRoith, 2001 ) and manipulating GH levels has profound effects on body size (Cheng et al., 1983; Phillips, 1995; Rahman et al., 1998; de la Fuente et al., 1999; Pitkanen et al., 1999; Huang and Brown, 2000) . We conclude that in fish the persistent, stem-cell based neurogenesis in the retina is yoked to the continual somatic growth characteristic of these animals, and that centrally released GH regulates neurogenesis via IGF-I, integrating intrinsic genetic programs, the nutritional status of the animal and environmental cues. However, there is an alternative interpretation of our data that cannot be excluded by the experiments presented here. For some cell types in vitro, GH acts directly as a mitogen, independent of IGF-I (Butler and LeRoith, 2001 ). This raises the formal possibility that in our experiments exogenous GH acts directly on retinal progenitors, stimulating their proliferation without utilizing IGF-I as an intermediary molecule. We attempted to test this possibility with intraocular injections of vehicle or GH followed by exposure to BrdU and cell counts, but this experiment is confounded by the injury-induced proliferation of retinal progenitors caused by puncturing the eye. Experiments to resolve the issue of direct vs. indirect action of GH on retinal progenitors are currently in progress.
Experimental procedures
Library screening, RNA isolation, RT-PCR and sequence analysis
A goldfish retinal cDNA library, generated in lambda gt10 (gift of R. Neve), was screened using standard filter hybridization methods (Sambrook et al., 1989) . Briefly, a [ 32 P]-dCTP labeled probe was generated from a cDNA encoding Xenopus IGF-IR (gift of L. Scavo) by random priming using the Redi-Prime Kit (Amersham Pharmacia Biotech, UK). Approximately 5.0 £ 10 5 plaques were screened using low-stringency conditions: hybridized in 6 £ SSPE, 0.1% sodium dodecyl sulfate (SDS), 1 £ Denhardt's solution, 50% formamide at 378C overnight, and washed in 6 £ SSC, 0.1% SDS at 378C for 20 min, 2 £ SSC, 0.1% SDS at 378C for 30 min, and in 1 £ SSC, 0.1% SDS at 688C for 15 min. Filters were exposed to Xray film overnight and positive plaques were picked, rescreened and plaque purified. Phage DNA was isolated from plate lysates using Quiagen Lambda Mini Kit (Quiagen, Valencia, CA, USA) and subcloned into p-GEM-4Z (Promega; Madison, WI, USA).
Total RNA was isolated from goldfish retinal homogenates using a single-phase, phenol/guanidinium method (Trizol reagent; Gibco/BRL; Gaithersburg, MD, USA), resuspended in deionized formamide and stored at 2808C. First-strand cDNA synthesis was performed using the Superscript Preamplification system (GibcoBRL) and random hexamers according to manufacturer's instructions. The PCR was performed as described previously . For IGF-I, moderately degenerate oligonucleotide primers (5 0 -ctacattc(t/g)gta(a/g)tt(t/c)ct(g/t)ccccc-3 0 ; 5 0 -atgtctagcg(c/g)tc(a/t)tt(c/t)(c/a)tt(c/t)cagtgg-3 0 ) based on the sequences of two partial goldfish IGF-I cDNAs isolated from liver (Kermouni et al., 1998) were used to amplify the full-length (760 bp), pro-IGF-I cDNA. For IGF-IR, degenerate primers were used that were designed to amplify sequences of the insulin receptor superfamily, including IGF-IR Hitchcock et al., 2001 ). All PCR products were separated on a 1% agarose gel, and for each a single band was isolated, purified and subcloned using pGEM-T vector (Promega, Madison, WI, USA) according to the manufacturer's instructions. Nucleotide sequences were obtained by automated sequencing at the DNA Sequencing Core at the University of Michigan, and sequence data were assembled into contigs using DNAstar software (Lasergene; Madison, WI, USA). Open reading frames were identified, translated and the deduced amino acid sequences were compared to previously published sequences (Genbank Database) using the Clustal X algorithm (Vector NTI Suite 6.0; Informax, Inc.; Bethesda, MD, USA).
Animals
Common goldfish (Carassius auratus), 3-15 cm in standard length, were obtained from local suppliers and maintained in aerated aquaria on a 14 h light/10 h dark cycle. Prior to sacrifice, fish were anesthetized by immersion in 0.1% tricaine methanesulfonate MS222 (Sigma, St. Louis, MO, USA). Sacrifice was by exsanguination. All protocols used in this study were approved by the University of Michigan Committee for the Use and Care of Animals.
Northern analysis
Total RNA from multiple tissues was isolated as described previously, and for each tissue, 20 mg was loaded in each lane of a formaldehyde gel and separated by electrophoresis. RNA was vacuum-transferred to nylon membranes.
The following clones derived from goldfish were used to generate probes for Northern analysis: (1) liver IGF-I, clone L41 [gift of H. Habibi (see Kermouni et al., 1998)] , (2) retinal IGF-I (gfIGF-I), isolated by RT-PCR, (3) goldfish IGF-IR (gfIGF-IR), clone 2400; (4) gfIGF-IR, clone 1800b; (5) gfIGF-IR, clone 1800c, (6) goldfish actin (gift of D. Goldman). Probes were synthesized and radiolabeled with 32 P-dCTP by random priming using the Redi-Prime Kit (Amersham Pharmacia Biotech, UK). Blots were prehybridized for 2 h in standard hybridization buffer (6 £ SSC, 1% SDS, 10% dextran sulfate, 50% formamide; 100 mg/ml herring-sperm DNA) followed by overnight hybridization at 428C with 32 P-labeled probes (.1 £ 10 8 dpm). Blots were washed at low stringency (0.2 £ SSC, 1% SDS 558C) following hybridization with IGF-I probes and at high stringency (0.1 £ SSC, 1% SDS, 658C) following hybridization with IGF-IR probes. Hybridization signal was detected either by film autoradiography or exposure to a Storage Phosphor Screen (Molecular Dynamics, Sunnyvale, CA, USA). All blots were sequentially hybridized with the different probes. Following each hybridization, blots were stripped of all radioactivity by washing in boiling 0.1 £ SSC, 1% SDS. Northern blots from animals injected with vehicle or GH-containing solutions (see Section 2) were quantified by densitometry using Image Quant software (Molecular Dynamics). Blots were re-hybridized with probes encoding actin, quantified by densitometry and variations in loading were corrected. Differences in corrected densitometric values between samples were then computed.
Tissue processing
Eyecups used for immunocytochemistry (and in situ hybridization, see subsequently) were fixed in 4% paraformaldehyde/0.1 M phosphate buffer (pH 7.2), cryoprotected in 20% sucrose overnight at 48C and frozen in OCT (Tissue Tek, Torrance, CA, USA). Radial, 10 mm thick cryosections were cut along the vetro-dorsal axis, mounted and dried onto slides coated with 3-aminopropyltriethoxy silane (TESPA; Sigma, St. Louis, MO, USA) and stored at 2808C.
In situ hybridization
Eyes were processed and sectioned identically to that for immunocytochemistry. Sense and anti-sense digoxygenin-(DIG) labeled riboprobes were prepared from gfIGF-IR (clones 2400, 1800a and 1800c) using the Genius Kit (Boehringer Mannheim, Indianapolis, IN, USA) and stored at 2808C. Probes for gfIGF-IR clone 2400 were hydrolyzed using 0.1 N NaOH, probes for clones 1800a and 1800c were not. Prior to use, probes were diluted to 0.2-0.5 ng/ml in hybridization buffer [2 £ SSC, 10% dextran sulfate, 1% blocking reagent (Boehringer Mannheim, Indianapolis, IN, USA), 10 mM Tris pH 7.5, 0.3 M NaCl, 1 mM EDTA, 50% formamide]. Sections were processed according to , with the addition of a high stringency wash (0.1 £ SSC; 25% formamide; 658C) for slides hybridized with probes from gfIGF-IR, clone 2400. Hybridization was detected using anti-DIG antibodies conjugated to alkaline phosphatase (Boehringer Mannheim, Indianapolis IN, USA) with nitro blue tetrazolium/5-bromo-4-chloro-3-indolylphosphate as the color substrate. The color reactions were stopped with 0.1 M Tris buffer (pH 7.5), and slides were coverslipped using Gelmount (Biomedia, Goelta, CA, USA).
GH injections
rbGH (Monsanto Company, St. Loius, MO, USA) or rtGH (GroPep, Ltd) was reconstituted and injected intraperitoneally into three groups of fish. (1) Large fish (10-15 cm) were injected with rbGH at 10 mg/g body wt (three experiments, two fish/experiment), and 6 h later retinas, brains and livers were removed for Northern analysis. A 6 h survival time was selected based on the data of Shamblott et al. (1995) . (2) Small fish (3-5 cm) received injections of rtGH at 0.1, 1.0 and 10.0 mg/g body wt (a minimum of three experimental and three control fish per dose), were returned to their home tanks, and 48 h later placed into the BrdU-containing solution. A 48 h interval between GH injections and exposure to BrdU was selected based on the relatively slow time course over which GH injections stimulate 3 H-thymidine incorporation in the tadpole brain (Hunt and Jacobson, 1971 ) and elevates serum IGF-I in fish (Funkenstein et al., 1989) . (3) Small fish (three experimental and three control) were first placed in BrdU for 48 h to label mitotically active cells, then injected with rtGH at 1.0 mg/g body wt and sacrificed 48 h later. For each group, control animals received equal-volume intraperitoneal injections of phosphate buffered saline (PBS).
BrdU labeling and immunocytochemistry
Cells in the retina synthesizing DNA were labeled with BrdU by housing small groups of fish (6-9) for 48 h in 500 ml of 5 mM BrdU (Julian et al., 1998; Otteson et al., 2001) .
BrdU-labeled cells were immunostained using an antiBrdU monoclonal antibody (Becton-Dickinson, San Jose, CA, USA) according to previously published protocols (Hitchcock et al., 1992) . BrdU-labeled cells were visualized using secondary antibodies conjugated to Alexa Fluor 546 (Molecular Probes, Eugene, OR, USA).
Cells in M-phase were immunostained with polyclonal antibodies against the phosphorylated form of histone H3 (Upstate Biotechnology, Lake Placid, NY, USA) according to manufacturer's instructions. Secondary antibodies were conjugated to Cy-3.
Counting labeled cells
For each retina examined following BrdU-immunostaining, 40 serial sections adjacent to and through the optic nerve head were collected. BrdU-labeled cells were counted in 20 non-adjacent sections. In each section, BrdU-labeled cells were counted in a 200 mm length of retina adjacent to the CGZ, which includes both developing and mature retina (see Otteson et al., 2001) , and scored by laminar position and nuclear morphology. The number of BrdU-labeled cells was averaged for control and experimental groups, and the data were expressed as a percent of the average control value. Within the CGZ the BrdU-positive cells were densely packed, and accurately counting them was problematic. Therefore, an indirect measure of the number of labeled cells in the CGZ was made by tracing the perimeter of the cluster of BrdU-labeled at the retinal margin, using fluorescence illumination and a drawing tube, and measuring the area of the enclosed polygon. BrdU-labeled cells that were clearly in the unpigmented iris epithelium and cells in differentiated retina not contiguous with the cluster of cells in the CGZ were not included.
For the retinas examined following phosphohistone-H3 immunostaining (one experimental and one control retina), 40 serial sections through the optic nerve were collected. Sections from the experimental and control eyes were mounted on the same slides and immunostained simultaneously. Labeled cells were counted across the entire section and scored according to their location, CGZ, INL, and ONL.
Imaging
Digital images of retinal sections were captured with either Optronics CCD camera (Optronics Engineering, Goleta, CA, USA) attached to an Olympus Vannox compound microscope or a Spot RT digital camera (Diagnostic Instruments Incorporated, Sterling Heights, MI, USA) attached to a Nikon compound microscope. Illustrations were prepared using Adobe Photoshop.
Statistical comparisons
Statistical comparisons were made using the Mann-Whitney U test, (SPSS) with P # 0:05 considered statistically significant.
